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•Application No. 10/023,894 
Reply to Office Action of March 8, 2004 

REMARKS/ARGUMENTS 

Claims 1-18 and 45-62 are active in this application. The specification on page 24-25 
has been amended to correct an obvious clerical error. No new matter is added. 

Applicants thank the Examiner for the courtesy of discussing this application with 
their undersigned representative on May 13, 2004. During this meeting, the rejection under 
35 U.S.C. § 1 12, first paragraph was discussed. In particular, the undersigned explained the 
supporting disclosure for the claimed invention of selecting cells resistant to Pseudomonas 
exotoxin A and producing a lysosomal hydrolase having an oligosaccharide modified with N- 
acetylglucosamine-1 -phosphate from the resistant cells. The substance of this discussion is 
further elaborated upon in the remarks below. 

As discussed on page 2 (lines 8-18) of the application, lysosomal enzymes 
(hydrolases) are typically modified by two enzymes: "GlcNAC-phosphotransferase" and 
"phosphodiester-a-GlcNAcase." GlcNAC-phosphotransferase catalyzes the transfer of N- 
acetylglucosamine-1 -phosphate to the lysosomal enzyme whereas phosphodiester-a- 
GlcNAcase removes the N-acetylglucosamine to generate a mannose-6 phosphate (M6P) on 
the lysosomal enzyme. 

The present application provides (see page 2, lines 19-27) the discovery that 
phosphodiester-a-GlcNAcase exists as an inactive pro-peptide that undergoes proteolytic 
cleavage to yield the mature, active form of the phosphodiester-a-GlcNAcase. As a result, 
the absence of active phosphodiester-a-GlcNAcase yields a lysosomal enzyme with an N- 
acetylglucosamine-1 -phosphate. This cleavage of the pro-peptide to the mature 
phosphodiester-a-GlcNAcase is mediated by the site-specific protease Furin. Confirmation of 
the cleavage of the pro-phosphodiester-a-GlcNAcase by Furin is provided in the Example 
that begins on page 23 of the application. A discussion of the data is provided in the 
paragraph on page 24, lines 5-14, which states, in part: 
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The conversion of the pro-UCE to the mature UCE species is 
furin-dependent because the UCE sample that lacked furin 
remained as a mixture of pro- and mature UCE forms. In 
contrast, the insect-derived UCE is not cleaved by furin as 
shown by the single UCE form. The progressive conversion of 
the pro-UCE to the mature UCE species was confirmed by the 
increase in UCE activity (up to 130% increase in activity) 
relative to the minus furin sample (Figure 2). 

The production of lysosomal enzymes containing N-acetylglucosamine-l-phophate in 
cells that are furin deficient is described on page 16, lines 3-8: "When the cells are also furin 
deficient are employed the resultant lysosomal hydrolases containing the N- 
acetylglucosamine-1 -phosphate is obtained due to the significantly lower phosphodiester-a- 
GlcNAcase activity." This statement is confirmed by the data presented in the specification 
beginning on page 24 (the data are presented in Figure 3 -see also the Figure legend on page 
5). Briefly, lysosomal enzymes produced in furin deficient cells (LoVo) were assessed for 
their ability to bind to mannose-6-phosphate columns (binding to the column is indicative 
that phosphodiester-a-GlcNAcase has removed the N-acetylglucosamine from the lysosomal 
enzyme leaving a M6P phosphate available for binding). Comparing Sample A (which is the 
lysosomal enzymes obtained from the LoVo cells with no subsequent treatment) revealed 
little M6P column binding compared to Sample C, which was also obtained from the LoVo 
cells but subsequently treated with active phosphodiester-a-GlcNAcase in vitro, exhibited 
very strong binding to the column. 

Therefore, the specification clearly provides supporting disclosure for the production 
of a lysosomal hydrolase having an oligosaccharide modified with N-acetylglucosamine- 1- 
phosphate from furin deficient cells. The only remaining issue, therefore, is whether cells 
resistant to Pseudomonas exotoxin A are furin deficient. 

The specification certainly provides the requisite support, i.e., in the paragraph 
bridging pages 14-15 of the application: "a furin deficient cell may be obtained by exposing 
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cultured cells to mutagenesis treatment . . . and selecting for those cells which are found to be 
resistant to the toxicity of Pseudomonas exotoxin A." Further, the correlation between the 
resistivity of cells to Pseudomonas exotoxin A and furin deficiency (See MPEP § 2164.01: 
"A patent need not teach, and preferably omits, what is well known in the art") is well-known 
in the field. For example, Applicants direct the Examiner's attention to the two attached 
publications: Inocencio et al (1994) J Biol Chem 269(50):31831-31835 and Moehring et al 
(1993) J Biol Chem 268(4):2590-2594. 

In the Moehring publication, it is demonstrated that the genetic lesion in cells that are 
resistant to Pseudomonas exotoxin A can be complemented by a gene encoding furin: "We 
have transfected RPE.40 cells with mammalian cell expression vectors containing the cDNAs 
for furin and Kex2 proteases, and demonstrated that mouse furin so expressed can 
complement this genetic lesion fully." (page 2590, col. 2). 

In the Inocencio publication, referring to the gene complementation experiments from 
Moehring , Inocencio et al state: "Expression of transfected mouse furin in RPE.40 cells 
restores normal insulin binding, providing strong evidence that RPE.40 is mutant in the fur 
gene (4,7). We have now verified that this is true ." (page 31831, col. 1, first paragraph, 
emphasis provided). 

In view of the above, Applicants request withdrawal of the rejection. 
The rejection of Claim 4 under 35 U.S.C. § 1 12, second paragraph is addressed by the 
amendment submitted herein. 
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Finally, Applicants request that the application be passed to issuance. 
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RPE.40 is a strain of mutated CHO-Kl cells with 
elevated resistance to /Womonoe 
bis vrnjs, and Newcastle disease virus. Virusreri^ce 

hr^! S M ina , MIity to J c,e * ve PrecursoTv^tem! 
brane glycoproteins and produce infectious virions 
Transection of RPE.40 cells with cDNA tor mou£ 
funn causes them to lose all resistance and become^ 
sensitive as wUd-type cells to the toxin andviru^ 
TransfecUon of RPE.40 cells with cDNAfor the^re^ 
ated yeast protease Kex2 reduces their resistance Z 
the toxinand viruses, but does not compKeS^K 



We previously reported studies on a mutant Chinese hem 
etor ovary (CHO^ceU strain that is resistant to S53EJ5E 
*^ a tA (PBk> and 10 RNA viruses (1 «tS 

*ed CH0.K1 «IU to PEA. PEA, like diphtheria taxing- 
lyzes the ransferof the ADP-ribose moiety of NAD* tothe 
diphthamide residue of eukaryotic elongation factor 2 (EF-2) 

ically, RPE.40 is wild-type in its sensitivity to diphtheria 
toxin to several toxic lectins, and to vesicular stomatitis virus 
(1). It is resistant to several alphaviruses and to Newcastle 
disease virus (NDV), and its resistance is due to its St 
" Pff^f^ Precursor viral membrane glycoproteins {I 
4). Th M Jed us to hypothesize that an enzyme aSy defec 

fi™, vvo™^ ? 80,116 f epinthe ^very of PEA to its 
***** EF / 2 - ™? step mi * ht involve processing of a cell 
recepto, for PEA (5, 6) the necessary activation of PEA 

7c«t t y%??1™ 8 pro f ^ (7) ' 01 the '"""location of 
activated PEA fragment to the cytosol where EF-2 resides 

Recently there has been considerable study of endoproteo- 
lytic cleavage m eukaryotic cells as an important step in the 
production of bioactive peptides. The Kex2 protease of SW- 

A i*J^ WOr , k T a3 . 5Upported ** National Institutes of Health Grant 
L«i«f P. Markey Charitable Tmst Tltei^of 
pubucaUon of this article were defrayed in part by the MvmenJ Vf 
pa^charges. This article must therefore beCby m.rkT?X° 
0»m meccordancewithlSU.S.C.Section ^solely touXte 

§ To whom correspondence should be addressed: Deot. of Micro, 
biology and Molecular Genetic, B2U Given ^g UniverSTTf 
Vermont. Burlington. VT 05406. TeL: 802-656-1117 Un ' varaity cf 
The abbreviations used are: CHO, Chinese hamster ovary PEA 
Pieudomonos exotoxin A; EF-2. elongation fcctoT^DV 
diaeaw vuus; SV. Sindbis virus; DME, Duibeceo's modTfiedSS^! 
med.um.-F.12, Ham's F-12 medium; FBS, fetalCL? serom- PAGE 



charomyces cerevisiae has been well characterized at the en 
zymabc and molecular levels (9, 10). It is Tc^Je^W 
sermeprotease that is active in the processin/oTp^ 
and pro-kdler toxin at dibasic sites. It has aSo proven active 

MaS?^ K ?o^?. beea identified * cDNA cloning. 
(12 ' l3 > and PC3 {also known as PCl) (14 15) cleave 

SrTnaTh T^? **** *» ^ *• «SSJStS 
tory pathway in endocrine cells. Furin (also known as PACT) 

cleaves precursors *thin the constitutive Sway in eS 
mne and non-endocrine cells, at the consensus sequence^ 
Arg-^-Lys/Arg-Arg. ( 16 -18). PACE4 protease i, close? tt- 
teted to furin and also found in most maminalian «S (19) 
Many vual glycoproteins, including PE2 of Sindbis virus (SV) 
(20) and ft of virulent NDV, are cleaved at the^ype of 
consensus sequence described shove (21). 

In these studies we have used PEA, SV. and NDV to 
ZKwJTtf C ^ M " RPR40 ceUs - W « trans- 
^^^foTS^ 

scssr ar "* m 

EXPERIMENTAL PROCEDURES 

JSbZ ^t~ CH °-5 l C ^! nMe hamner ^lls were ob- 
Ujned&om the Amencan Type Culture Collection (RockviUe, ME»T 

HPP S?K U ° I L! nd J pr * b f lina,y characterixation of mutant strain 
RPE.40 has been described (1). Cells were cultured in DME/TM2 
(Sigma) containing 5% fetal bovine senim S> ij^fisj a t 
37 C m an atmosphere of 6% CO, in air. Pt^nuLL i^^L 1 
was purebred fiom List Biological Lab^^C^^A 

from B. Forsyth (University of Vermont, Burlington). Virulent brt>V 
strains Texas C-fc-. 10^38? 



V^rmary Service I^boratory^eTlA. RabblS^' 

?Sn^ A g ye0 L r °? m ,? ! WM P rovWe <> ^ A Schmatiohn 
(United States Army Medical Research Institute of Infect^ul niT 
eases. Frederick, MD). Anti-ND V polyclon™ a^^« i^L^ 
^ro^fl^ U r e ™&.N«goya. J^Jat tKSSlW 

cD&txl^wlTpSM 

pAGEFur . containing ^the cDNA for mouse furin (17). was provSS 
by K. Nakayama and was propagated in HBlOl competent ceUa 
(Bemesda Research Laboratories). Both were purified S QiaC 
columns (Qiagen. Chatoworth, CA). CHO-Kl a^PRw 
transfected by the method of Chen and 0^^(23)1^20^ 

P^. r" t ^ mig 850 of G «l« (GeneUcin, GIBCO/ 
Be heads Research Uboratories). After 2 weeks of selection G418- 
resistant colomes were isolated. Cells from each isolatew«« ,~liT 

oi cui^Sta^wru^r : 

«ng growth medium and the other growth medium plus 0.1 ^g/mlof 
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PEA, a concentration of PEA which is lethal for wild-type cells but 
non-inhibitory to RPE.40. CHO-Kl isolates were unaltered in their 
response to PEA. RPE.40 isolates that were inhibited by this concen- 
tration of PEA were selected for further studies. 

Intact Cell Assay for Inhibition of Protein Synthesis by PEA— 2 x 
10* cells were seeded in DME/F-12/FBS5 in 6- ml fiint glass scintil- 
lation vials and incubated overnight Duplicate or triplicate vials were 
then changed to toxin-containing or control medium and incubated 
for 24 h. Cultures were then pulse-labeled for 30 min in serum-free 
Eagle basal medium, with a 1:20 dilution of amino acids and 0.05 m 
Trb-HCl <pH 7.4), containing 0.4 *Ci/ml l4 C-iabeled amino acid 
mixture (15 amino acids, Du Pont-New England Nuclear). Cells were 
washed with 5% trichloroacetic acid, and acid-insoluble radioactivity 
was determined in Ecolume (ICN, Irvine, CA) in a scintillation 
spectrometer. The concentration of toxin that inhibited protein syn- 
thesis by 50% (ID«) was determined from dose-response curves 
generated by these assays. 

Virus Culture and Assays The propagation and assay of SV and 
NDV were as previously described <2 F 4). For determination of infec- 
tious virus yield of SV, 5 x 10* ceQs were seeded in 35-mm tissue 
culture dishes, incubated overnight, then infected at a multiplicity of 
infection (m.o.i.) of L Viruses were adsorbed in 0.2 ml of medium for 
1 h, cells were washed to remove unadsorbed inoculum, and growth 
medium was replaced Samples were removed at 18 h for counting by 
plaque assay on CHO-Kl cells. For determination of infectious vims 
yield of NDV, 3.5 x 10 s cells were seeded in 100-mm tissue culture 
dishes, incubated overnight, then infected with NDV Texas GB at a 
m.oa. of 10. Viruses were adsorbed in 0.5 ml of medium for 1 h, cells 
were washed, and growth medium replaced. Samples were removed 
at 30 h for counting by plaque assay on He La cells. 

Metabolic Labeling of Viral Glycoproteins— Cells grown to conflu- 
ence in 60-mm tissue culture plates were infected with virulent strains 
of NDV at a m.o.i. of 10 plaque-forming units/celL After 5-6-h 
incubation at 37 *C. cells were pulse-labeled with pHjD-glucosamine- 
HC1 (ICN) (10 *tCi/ml) in glucose -depleted Eagle minimum essential 
medium with 5% FBS for 2 h. Radioactivity was chased for 3 h by 
incubating cells in complete Eagle minimum essential medium with 
5% FBS. Monolayers were then washed once with phosphate-buffered 
saline and twice with growth medium. Cell extracts were prepared by 
addition of 0.5 ml of lysis buffer (50 mM Tris-HCl, pH 8.0, 1% Triton 
X-100, 0.5% deoxycholate, 0.1% sodium dodecyl sulfate, 150 mM 
sodium chloride, and 1 mM phenyhnethylaulfonyl fluoride) and cen- 
trifuged at 8000 x g for 5 min in an Eppendorf microcentrifuge. Viral 
glycoproteins were then immunoprecipitated from the supernatant* 
using NDV polyclonal antibodies or anti-F monoclonal antibodies 
(22), and proteins were analyzed by sodium dodecyl sulfate polyacryl- 
amide gel electrophoresis (SDS-PAGE), using 10% resolving gels, as 
previously described (24, 25). Gels were treated for fluorographic 
detection of radioactivity using Chamberlain's procedure (31), and 
auto radiographs were prepared using Kodak X-Omat XAR-5 film. 

Western Blot Analysis— Proteins on 10% SDS-PAGE gels were 
electroblotted onto Immobilon-P membrane (Millipore) at 15 V for 
18 h in Towbin's buffer (192 mM glycine, 25 mM Tris-HCl, 20% (v/ 
v) methanol, pH 8.3), in a Bio-Rad mini-gel blotting apparatus (Bio- 
Rad), at 10 *C. After transfer, the blot was stained with Ponceau red 
dye, protein standard lanes were removed, and all subsequent opera- 
tions were done at room temperature. Samples were blocked in TS 
buffer (0.02 M Tris-HCl 0.5 M NaCl, pH 7.5) plus 2% powdered skim 
milk (TSM2) for I h, then washed three times with TS buffer phis 
0.6% milk (TSM.6). Primary rabbit polyclonal antibody to SV gly- 
coprotein E2, diluted in TSM.6, was added to samples and rocked 
slowly 4 h or overnight The blot was washed 3 x 10 min in TSM.6, 
blocked 1 fa in TSM2, and again washed 3 x 10 min in TSM.6. The 
secondary, biotinylated goat anti-rabbit, antibody (Vector Laborato- 
ries) in TSM.6 was added to the blot and rocked for 1 h. After 3 x 
10-min washes in TSM.6, streptavidin alkaline phosphatase conju- 
gate, 2 mg/ml (Pierce) was diluted 1:1000 in TSM.6, added to blot, 
and rocked for 1 fa. After 3 x 10-min washes in TSM.6 immunoreac- 
tive bands were visualized by addition of nitro blue tetrazolium/5- 
bromo-4-chloro-3-indolylphospbate solution (Pierce). 



RESULTS 

Response of Transfected Cells to PEA— CHO-Kl and 
RPE.40 cells were transfected with either the cDN A for mouse 
furin or for KEX2, as described under "Experimental Proce- 
dures." After isolation most of the transfected colonies were 
recioned, and all were maintained in a selective concentration 
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of G418 prior to use in experiments. More than 20 CHO-Kl 
colonies transfected with the cDNA for each protease were 
screened visually for cytopathic effect (CPE) caused by PEA, 
as described, and eight of each type were selected for isotopic 
assay for inhibition of protein synthesis by PEA (see "Exper- 
imental Procedures"). Transfection with either the fur gene 
or the Kex2 gene did not significantly alter the dose response 
of these wild-type cells to PEA (see Fig. 1). 

Thirty-one colonies of RPE.40 transfected with the fur 
gene were screened visually for CPE caused by PEA and 15 
were assayed for inhibition of protein synthesis by PEA. The 
dose responses were compared with those of untransfected 
RPE.40 and wild-type cells. Twenty-one colonies of RPE.40 
transfected with the Kez2 gene were screened visually and 
assayed for inhibition of protein synthesis. Composite dose- 
response curves showing inhibition of protein synthesis are 
presented in Fig. 1. Comparisons of average IDso values (the 
concentration of toxin that inhibits protein synthesis by 50% 
in a 24-h exposure) are shown in Table L A wide variation in 
loss of resistance to PEA was seen in the RPE.40 transfec- 




Concentration of PEA (ug/ml) 



FIG. 1. Inhibition of protein synthesis by PEA. Dose response 
curves were prepared from averaged data: from separate assays (non- 
trans fected strains), or from individually isolated tranafectanta 
(transfected strains). O, CHO-Kl (four assays); RPE.40 (four 
assays); CHO-Kl + fur (eight transfectants); * RPE.40 + fur (12 
transfectants); 4, CHO-Kl + KEX2 (five tranafectanta); aV RPE.40 
+ KEX2 (five transfectants). 



Table I 

Comparison of toxicity of Pseudomonas toxin for normal and 
transfected cells 



Cell strain 


Transfected 
ge&s 






CHO-Kl' 
RPE.40* 


None 
None 




ng/ml 
7.5 (±2.0) 
66 t 700 (±15.500) 


CHO-Kl 
RPE.40 


fur 

fur 


8 
12 


6.9 (±3.6) 
6.5 (±2.8) 


CHO-Kl 
RPE.40 


KEX2 
KEX2 


5 
6 


3.8 (±2.2) 
153 (±31) 



• n = number of individually isolated tranefectants assayed. 

* Concentration of PEA reducing protein synthesis 50% in 24-h 
exposure. 

' Average of six determinations. 
4 Average of four determinations. 
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Table II 

Infectious iSindbis virus produced by transfected strains 



Cell strain* 


i iujzmci.lcu 

gene 


Virus/10 4 celts' 


Percent of CHO-Kl 


CHO-Kl 


None 


2.5 x 10* 




RPE.40 


None 


5.7 x 10* 


2 


Kl.fur5e 


fur 


2.6 x 10 s 


104 


Kl.fur&f 


fur 


1.8 X 10* 


72 


Kl.furSh 


fur 


3.5 x 10 8 


140 


40.fur2c 


fur 


2.2 X If/ 


88 


40.fur2.5a 


fur 


2.9 X 10* 


116 


40.fur3cc 


fur 


8.4 x 10' 


34 




fur 


2.0 X 10 s 


OU 


40.furl3d 


fur 


2.6 x 10* 


104 


Kl.kez3 


KEX2 


1.9 x 10 8 


76 


KLkex4 


KEX2 


2.3 X10 8 


92 


Kl.kex5 


KEX2 


1.7 X 10 8 


. 68 


40.kexl2 


KEX2 


1.2 x 10 8 


48 


40.kex25 


KEX2 


1.1 X lO 8 


44 


40.kex26 


KEX2 


8.6 X 10* 


34 



* Strains preceded by Kl axe transfected CHO-Kl, those preceded 
by 40 are transfected RPE.40. 

* Determinations of yield were repeated three or more times for the 
untransfected and /ur-transfected cells, and one to two times for the 
KEX2- transfectants, and gave similar percentage data. Yield data 
presented are a grouping of representative experiments. 



I 1 3 4 5 6 7 

FiC. 2. Production of SV membrane glycoprotein E2 in nor- 
mal and transfected cell strains. SV- infected cell extracts were 
separated by SDS-PAGE, electrophoreticaJJy transferred to Imrao- 
bilon-P, incubated with SV E2 antiserum, and immunostained, as 
described under "Experimental Procedures." Lane f, CHO-Kl; lane 
2, RPE.40; lanes 3, 4, and 5, fur- transfected RPE.40 strains 40.fur3cc, 
40.furl3d, and 40.fur2c; lanes 6 and 7, K£X2-transfected RPE.40 
strains 40.kexl2 and 40.kex26. 



tants, and some proved less stable than others. The data 
presented in Table I and Fig. 1 were derived from colonies of 
each type of transfectant that showed the maximum loss of 
resistance to PEA, and were stable over several weeks in 
culture. 

In the case of furin transfectants, a number of colonies 
were isolated which were now equal in sensitivity to wild-type 
CHO-Kl cells, a loss of approximately 4 logs of resistance to 
PEA. Transfection with Kex2 reduced PEA resistance of 
RPE.40 cells, but the most sensitive isolates were stUl greater 
than one log more resistant than wild-type cells. 

Response of Transfected Cells to Virus Infection— CHO-Kl, 
RPE.40, and some of their stable transfectants were infected 
with SV and NDV, as described under ^Experimental Proce- 
dures," and CPE, yield of infectious virions, and cleavage of 
viral membrane glycoproteins were assessed. In RPE.40 cells 
infected with SV, CPE develops much more slowly than in 
parental CHO-Kl cells. For example, when CHO-Kl cells are 
infected at a m.o.i. of 1, 100% of cells will show CPE in 24 h. 
When RPE.40 cells are similarly infected only 2-6% of cells 
will show any CPE in 24 h, and it will require approximately 
72 h before 90-100% of cells show CPE. RPE.40 cells released 
an average of 2% as much infectious SV in 18 h as did CHO- 
Kl (see Table II). Transfection of wild-type CHO-Kl with 
either furin or Kex2 did not significantly alter its production 
of infectious SV. However, transfection of RPE.40 with furin 
enabled it to produce yields of infectious virus that approxi- 
mated those of the wild-type cell (see Table II). Transfection 
of RPE.40 with Kex2 increased the yields of infectious virus, 
but titers were never as high as those produced by wild-type 
cells. 

When CHO-Kl cells are infected with SV, production of 
the viral proteins can soon be detected. When CHO-Kl cell 
lysatea are prepared 8 h postinfection and analyzed by im- 
munoblotting techniques, using antiserum to viral membrane 
glycoprotein E2, a major band of E2 and a minor band of the 
precursor glycoprotein PE2 can be detected (see Fig. 2). 
Similarly prepared lysatea from RPE.40 cells show little or 
no mature E2, a minor band of PE2, and a major band of a 
glycoprotein, migrating more slowly in SDS-PAGE, that we 
designate PE2'. We have determined that this is uncleaved, 
sialylated, PE2 (2). In Fig. 2 we show immunoblots of E2- 





Fio. 3. Cytopathic effect of virulent NDV on CHO-Kl, RPR.40, and /ur-transfected cells. Cell monolayers were infected as 
described under "Experimental Procedures'* and were photographed 12 h postinfection. A, CHO-Kl, uninfected; B> CHO-Kl, NDV-infected; 
C, CHO-Kl /ur-transfected. NDV-infected; D. RPE.40, uninfected; E, RPE.40, NDV-infected; F % RPE.40 /ur-transfected, NDV-infected 
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related proteins produced in CHO-Kl, RPE.40, and RPE.40 
transfected with furin and Kex2. The three furin transfectants 
show PE2 cleavage identical to CHO-Kl. The Kex2 transfec- 
tants show production of a major band of mature E2, but also 
have some PE2' detectable, suggesting, perhaps, a less effi- 
cient cleavage of PE2. 

When CHO-Kl and RPE.40 cells are infected with virulent 
NDV, the difference in CPE is very striking. When a m.o.i. 
of 10 is used, CHO-Kl cells display extensive fusion (90- 
100%) within 12 h, causing subsequent death of the cells (see 
Fig. 3). RPE.40 cells similarly infected showed no fusion and 
no other CPE, and cells continued to grow and divide. This 
was an indication that the viral fusion glycoprotein was not 
properly processed in these cells, as is the case when CHO- 
Kl, and all mammalian cells, are infected with avirulent NDV 
strains (4, 21, 25). Transfection with mouse furin caused 
RPE.40 cells to lose all resistance to virulent NDV, and their 
cytopathic response was identical to CHO-Kl cells (Fig. 3). 
Similar results were seen when yields of infectious NDV from 
CHO-Kl, RPE.40 and furin-transfected RPE.40 strains were 
compared (see Table III). Indeed, generally the furin trans- 
fectants produced more infectious NDV than did wild-type 
CHO-Kl cells. 

When NDV glycoproteins were labeled metabolically, im- 
rounoprecipitated with specific antisera, and analyzed on 
SDS-polyacrylamide gels (see Fig. 4) it was clear that CHO- 
Kl ceils efficiently processed the fusion glycoprotein precur- 
sor of virulent NDV, Fo, to fusion glycoprotein Fi. The F 0 of 
virulent NDV remained uncleaved in RPE.40 cells. Neither 

Table III 



Infectious Newcastle disease virus produced by transfected strains 



CtUstrtia* 


Transected 
gtne 


Virut/l^celU* 


Percent of CHO-Kl 


CHO-Kl 


None 


1.7 X 10 7 




RPE-40 


None 


9.1 x 10* 


5 


Kl.furSe 


fur 


2.1 X 10 7 


120 


Kl.fur5f 


fur 


1.9 x 10 7 


111 


40.far2.5a 


fur 


1.8 x 10 7 


106 


40iur2Lr 


fur 


1.9 x 10 7 


113 


40.fur3cc 


fur 


2.2 X 10 7 


127 


40.furl3d 


fur 


1.6 x 10 7 


93 


40.kexl2 


KEX2 


5.7 X 10* 


33 


40.kex25 


KBX2 


6.9 X 10* 


40 



■ Strains preceded by Kl are transfected CHO-Kl, those preceded 
by 40 are tranafected RPE.40. 

* Determinations of yield were repeated two to four times and gave 
similar percentage data. Yield date presented are from a representa- 
tive experiment. 



cell was able to process the F 0 of avirulent NDV. Transfection 
of RPE.40 cells with furin enabled F 0 of virulent NDV to be 
cleaved efficiently, but had no effect on processing of F 0 from 
avirulent NDV. When RPE.40 cells were transfected with 
Kex2 results were similar to those observed with S V infection; 
resistance to virulent NDV was diminished but not totally 
abolished, and the fusion protein precursor was partially 
cleaved during the period of the metabolic -labeling chase. 

DISCUSSION 

We report here that the expression of furin from mouse 
cDNA is able to correct the mutant phenotype of RPE.40, a 
Chinese hamster cell strain possessing a high resistance to 
PEA and to certain RNA viruses. Many of the stable trans* 
fectants were indistinguishable from parental CHO-Kl cells 
with respect to PEA sensitivity and replication of SV and 
NDV. We demonstrated that viral membrane glycoproteins 
PE2, of SV, and F 0 , of NDV, uncleaved in RPE.40 cells, were 
processed normally in transfected cells. Transfection of pa- 
rental CHO-Kl cells with furin cDNA did not alter their 
response to PEA, but in some cases it increased yields of 
infectious virions released into the medium, especially when 
cells were infected with NDV. It may be that the cells produce 
an overabundance of viral capsids compared to mature mem- 
brane glycoproteins and overproduction of furin thus makes 
more mature glycoproteins available. 

Expression of the yeast Kex2 protease in RPE.40 cells was 
also effective in increasing their sensitivity to PEA, SV, and 
NDV, but in all of the transfectants examined measurable 
resistance was retained. Although we have not attempted to 
determine why Kex2 is leas efficient in processing viral pre- 
cursor glycoproteins, or in restoring RPE.40 to full sensitivity 
to PEA, three possibilities come to mind: 1) not as much 
Kex2 as furin is expressed, 2) Kex2 is not as efficient as furin 
in processing the substrates in question, or 3) Kex 2 may be 
compartmentalized so that it is not as accessible as furin to 
the substrates. 

We have not yet determined how the expression of mouse 
furin in RPE.40 cells eliminates their high resistance to PEA. 
PEA is secreted by Pseudomonas aeruginosa as an enzymati- 
cally inactive proenzyme (7). It is proteolytically cleaved by 
sensitive cells to release a fragment active in ADP-ribosyla- 
tion of EF-2 (8). Although PEA does contain a dibasic con- 
sensus sequence of the type cleaved by furin at amino acid 
residues 182-186 (26) this is not the point at which the 
cleavage occurs (8). In addition, a cellular protease that 
cleaves PEA has been described and it has characteristics 
different from furin, including a lower optimum pH (27). We 
can demonstrate that RPE.40 cells do bind and take up PEA, 
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FIG. 4. Processing of NDV fusion glycoprotein precursor (F 0 ) by CHO-Kl, RPE.40, and cell strains transfected with fur or 
KEX2. Cells infected with virulent or avirulent NDV were pulsed-labeled (P) with ['Hlglucosamine-HCl or pulse-labeled and then chased 
(C) in glucose-depleted medium. The viral proteins were immunoprecipitated with anti-NDV polyclonal serum (A, first column only) or anu- 
F monoclonal antibody and analyzed by SDS-PAGE and autoradiography, as described under -Experimental Procedures. F l9 fusion 
glycoprotein; HN 9 hernagglutination/r^arjunidase protein; NP, nucleocapsid. 
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and active fragment is released, 1 and we postulate that a 
defect exists in translocation of this fragment to the cytosol. 
Experiments are in progress to verify this. 

Although we have not yet proven that the mutation in 
RPE.40 is in the fur gene, experimental evidence is good that 
this is where it resides. Mammalian cells do contain many 
proteases, many of which might be implicated in the cleavage 
of glycoproteins. However, Stieneke-Grdber ei ol (28) have 
recently shown that furin is responsible for the activation of 
influenza virus hemagglutinin, cleaving the precursor protein 
at a multibasic cleavage site similar to those in the described 
precursor glycoproteins of SV and virulent NDV. in addition, 
if the mutation in RPE.40 were in another protease active in 
cleavage of viral glycoprotein precursors, the expression of 
mouse furin does complement this defect Since furin is ubiq- 
uitous, and has been found in essentially all types of mam- 
malian cells (29), RPE.40'8 furin would be expected to com- 
plement its own defect If the mutation were in some other 
cofactor necessary for the activity of furin, the transfected 
mouse furin would most likely not be active either. Cloning 
studies are now under way in our laboratory to verify whether 
the mutation is in the fur gene of RPE.40. 
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We nave demonstrated that the native proenzymatic 
form of Pseudomonas exotoxin A can be cleaved at its 
specific activation site by furin in intact Chinese ham- 
ster ovary cells or in vitro by furin in isolated membrane 
fractions from these cells. We have compared the activ- 
ity of furin in cell membrane fractions with that of pu- 
rified, recombinant human furin. We have verified that 
RPE.40, a Pseudomonas toxin-resistant mutant cell 
strain, is mutant in the fur gene, and we have demon- 
strated that these cells are deficient in cleavage of the 
toxin. We have also determined that this cleavage of 
Pseudomonas toxin by furin takes place at the authentic 
activation site to release the 37-kDa active fragment. 



In this study we have used Chinese hamster ovary (CHO) 1 
Kl cells and a mutant strain of CHO-KI cells, RPE.40, to 
demonstrate that the cellular endoprotease furin can cleave 
specifically, and thus activate, Pseudomonas exotoxin A (PEA). 
We previously reported that RPE.40 cells are resistant to PEA, 
Sindbis virus, and Newcastle disease virus and that they ex- 
hibit reduced binding of insulin (1-4). We demonstrated that 
these cells are impaired in proteolytic processing of viral enve- 
lope glycoproteins and in proteolytic processing of the insulin 
proreceptor (2-4). Furin is a Ca 2 *-depeneent serine protease 
with a snbtilisin-like catalytic domain found in most mamma- 
lian cells. It commonly cleaves cellular glycoproteins on the 
COOH-terminal side of the consensus sequence -Arg-X-(Lys/ 
Arg)-Arg-, a cleavage sequence shared by the above glycopro- 
teins (5, 6); however, it can also recognize -Arg~X~X-Arg- as a 
cleavage sequence in some cases (19). Expression of trans fected 
mouse furin in RPE.40 cells restores their sensitivity to PEA 
and viruses and restores normal insulin binding, providing 
strong evidence that RPE.40 is mutant in the fur gene (4, 7). We 
have now verified that this is true. 

PEA is a 66-kDa protein toxin, produced by Pseudomonas 
aeruginosa, that enters mammalian cells by receptor-mediated 
endocytosis. It is produced as a single-chain proprotein and 
must be activated by cleavage at the amino acid sequence -Arg- 
Gln-Pro-Arg- (8). This is carried out by a cellular protease at an 
optimum pH of 5.5 (9). A furin-like enzyme prepared from beef 



* This work was supported by National Institutes of Health Grant AI 
09100 and by the Lucille P. Markey Charitable Trust. The costs of 
publication of this article were defrayed in part by the payment of page 
charges. This article must therefore be hereby marked "advertisement* 
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. 

t Contributed equally to this work. 

H Tb whom correspondence should be addressed: Dept. of Microbiology 
and Molecular Genetics, 316 Stafford Hall, University of Vermont, 
Burlington, VT 0M05. Tel.: 802-656-1117; Pax: 802-656-8749. 

1 The abbreviations used are: CHO, Chinese hamster ovary; PEA, 
Pseudomonas exotoxin A; EF-2, elongation factor 2; PA, anthrax toxin 
protective antigen; HPRT, hypoxanthine-guanine phosphoribosyltramv 
ferase; MES, 2^N-morpholino)ethanesu}fonic acid. 



liver has recently been shown capable of carrying out this 
cleavage in vitro (31). The 37-kDa active fragment is translo- 
cated to the cytosol where it inhibits protein synthesis by cata- 
lyzing the ADP-ribosyiation of elongation factor 2 (EF-2) (10, 
11). We have investigated the production and location of this 
active fragment in CHO-KI and RPE.40 cells. In addition, to 
determine whether furin is capable of activating PEA, we ex- 
amined the processing of PEA in vitro, using purified recombi- 
nant furin as well as membrane extracts of CHO-KI cells, 
RPE.40 cells, and RPE.40 ceils stably expressing mouse furin. 
We also determined that PEA is cleaved in vitro at the authen- 
tic in vivo cleavage site (8), and showed that the 37-kDA frag- 
ment produced by in vitro cleavage is capable of catalyzing 
ADP-ribosylation of EF-2. 

EXPERIMENTAL PROCEDURES 
Cells— CHO-Kl cells and LoVo human colon carcinoma calls were 
purchased from the American Type Culture Collection (Rockville, MDX 
The cell strains used in this work and some of their characteristics are 
presented in Table I. Cells were cultured in Dulbecco's modified Eagles 
medium/Ham's F-12 medium (Sigma) containing 5% fetal bovine serum 
(hereafter referred to as growth medium) at 37 °C in an atmosphere of 
5% C0 2 in air. The procedures used for stable transaction of cells with 
plasmid pAGEFur, containing cDNA for mouse furin, and ptaamid 
pZem228R/KEX2, containing cDNA for Kex2, have been described 
previously (7). 

Reagents— PEA and goat anti-PEA antiserum were purchased from 
List Biological Laboratories, Campbell, CA Purified recombinant hu- 
man furin, the soluble truncated form with normal activity but lacking 
the COOH-terminal 81 amino adds (12), was the gift of Gary Thomas 
(VoUum Institute, The Oregon Health Sciences University, Portland, 
OR). Anthrax toxin protective antigen (PA) was the gift of Stephen 
Leppla (NIDR, National Institutes of Health, Bethesda, MD). Diphthe- 
ria toxin was purchased from Connaught Medical Research Laborato- 
ries. Toronto, Ontario, Canada, and fragment A was produced by the 
technique of Drazin et aL (13). 

Intact Cell Assay for Inhibition of Protein Synthesis by PEA— Cell 
monolayers were exposed to various dilutions of PEA for 24 h prior to 
pulse-labeHng with medium containing radioactive amino adds, as de- 
scribed (7). The percentage inhibition of protein synthesis was calcu- 
lated by comparison of incorporation of amino acids by toxin-treated 
and control monolayers. 

Hybridisation of Cells— Somatic cell hybrids were prepared by a 
modification of the previo^iary-described procedure (14). P60 dishes 
were seeded with a mixture of 10* each of LpVo cells and one of the CHO 
strains that are HPRT", and thus unable to grow in hypoxanthine/ 
amiaopterin/thymidine (HAT) medium (15). Cells were incubated over- 
night and then exposed for 1 min to 50% (w/v) polyethylene glycol 1450 
(Sigma) in serum-free Dulbecco's modified Eagles medium, followed by 
several washes in serum-free Dulbecco's modified Eagle's medium. Cells 
were then incubated in a selective medium that would kill unhybridised 
cells. Because human cells and rodent cells have a natural difference in 
sensitivity to ouabain and because ouabain resistance is a dominant 
selectable marker, we used HAT medium containing 10~* m ouabain as 
selective medium. Unhybridised LoVo cells were killed by ouabain, and 
unhybridized CHO cells were killed by HAT medium. Because human 
and rodent cells rarely make viable hybrids, and if they do human 
chromosomes are usually lost, we assayed the fused cells as batches as 
soon as the unfused cells lost viability, in 6-7 days. Cells were seeded in 
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Table 1 

Cell strains used in this work 



C*U Strain 


Tnmsfected 


Response 
to PEA 


CH0-K1 


None 


s- 


RPE.40 


None 


R 6 


40.P3R1 


None 


R 


40.furl3d 


fur 


S 


LoVo 


None 


R 


P1R2 


None 


S 


40.kexl2 


KEX2 





Characteristics 



CHO wild type 
CHO furin mutant 
HPRT" RPE.40 
Tranafected RPE.40 
Human colon carcinoma 

furin mutant 
HPRTCHO-Kl 
Tranafected RPE.40 



• S. normal sensitivity to PEA. 

* R, resistant to >1000 times higher concentration of PEA than wild 
type cells. 

' I. intermediate senaitivity; not as sensitive as wild type cells. 

glass vials, still in selective medium, and assayed for toxin sensitivity as 
described above. 

In Vitro ADP-ribosylation assay— This assay is used to either deter- 
mine the amount of ADP-ribosylatable EF-2 present in calls or cell 
extracts or to determine the ADP-riboaylation activity of toxin samples, 
by measuring the toxin-catalyzed transfer of w C-ADP-riboae from NAD 
to EF2 (13, 16). Reaction mixtures of 0.25 ml contained final concen- 
trations of 26 out Tris-HCl buffer at pH 8.2, 40 m* dithiothreitol. 0.1 mn 
EDTA, and L6 u* [U- M C]NAD (280 mCWnmol, Amersham Corp ) Var- 
ious amounts of extracted cell protein were included in mixtures, eon- 
taiaing 8-12 pmol of EF-2. and 26 ng of diphtheria toxin fragment A was 
added when quantitative ADP ribosylation of all EF-2 present was 
desired Reaction mixtures were incubated for 15 min at 30 °C, precipi- 
tated, collected, and counted as described (16). When ADP-ribosylatable 
EF-2 in cells was to be evaluated directly following exposure to PEA, 
cells were seeded to produce confluent monolayers in glass scintillation 
vials and exposed to PEA in growth medium for various tunes. Medium 
was removed, and 0.1 ml of 25 mn Tris buffer, pH 8.2, containing 0.4% 
Triton X-1Q0 (Sigma) was added to lyse the ceils before addition of the 
above reagents. 

Demonstration offrkDa Active Fragment of PEA in Cell Fractions— 
The method of Ogata, et at (10) was used to detect the 37-kDa fragment 
of PEA in cell membrane and cytosohc fractions. PEA-related proteins 
were immunoprecipitated from cell fractions and resolved by SDS-poly. 
acrylamide gel electrophoresis on 10% reducing gels as described pre- 
viously (4) and were demonstrated by Western blot analysis using goat 
anti-PEA antibody and eJkaline-piiosphatase-conjugated rabbit anti- 
goat antiserum (Cappel, Durham, NO (7). 

Badiolabeling of Proteins— PEA and anthrax PA were radiolabeled 
with m I by an Iodogen method (17). 30-40 ug of protein in 70 ul 
of aside-free Dulbecco'a phosphate-buffered saline were added to 
Eppeadorf tubes that had been coated with lug of Iodogan (Pierce) and 
incubated for 6 min at room temperature with 400 uCi of Na iaB I 
(Amersham Corp.). After the addition of 5 ul of a saturated tyrosine 
solution, the sample was quantitatively transferred to a 1-ml column 
(disposable syringe with a glass wool plug) of Bio-Rad P6DG desalting 
resin that had been centrifuged for 4 min in a clinical centrifuge. An- 
other 4-min spin resulted in complete separation of the radiolabeled 
sample from the free iodine. Specific labeling was determined on tri- 
chloroacetic add precipitated proteins. The average specific activity of 
samples was 8300 cpm/ng for PEA and 7100 cpm/ng for PA. 

Preparation of Cell Membranes— Cells were grown to confluency in 
10 100-mm tissue culture plates. Plates were chilled on ice for 10 min 
and washed 1 time with Dulbeccoa phosphate-buffered saline, and cells 
were harvested by scraping in 0.5 ml of 10 nui HEPES buffer, pH 7.3. 
Pooled cells were lysed in a Dounce homogenixer in the presence of 
10 ug/ml of soybean trypsin inhibitor and leupeptin and 1 mx phenyl- 
methylsulfonyi fluoride. The cell lysate was centrifuged at 1000 x g for 
10 min; the supernatant was collected; and the membrane fraction was 
pelleted by centritugation at 100,000 x g for 60 min. Supernate was 
removed, the membrane pellet was resuspended in 200 pj of 10 mu 
HEPES buffer, pH 7.3, and samples were stored at -70 °C. All steps 
were done at 4 °C. 

In Vitro Assay of Proteolytic Cleavage of PEA and PA — Various 
amounts of cell membrane preparations or of purified furin were added 
to buffered solutions containing final concentrations of 3 zum CaCL and 
0.1% Triton X-100. For pH 5.5 and below, 50 mai sodium acetate buffer 
was used; for pH 6.0-6.6, 50 m* MES buffer was used; at neutral pH 
10 mu HEPES buffer was used; and above pH 8.0. 50 am Tris-HCl 
buffer was used in the reactions. Reaction mixtures were 100 ul final 
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volume. Reaction mixtures incorporating **I-PEA were incubated 16 h 
at room temperature on a rocking platform. Reaction mixtures incor- 
porating m I-PA were incubated similarly for 4 h. SDS sample buffer 
was added to quench the reaction, and proteins were analyzed by SDS- 
pdyanrylamide gel electrophoresis and autoradiography as described 
previously (3, 7). Percentage of cleavage of toxins was determined using 
a Bio-Rad GS-250 molecular imager (Bio-Rad). 

Eleetroblotting and Amino Acid Sequencing— 6 ug of PEA was 
treated at pH 5.4 with either purified furin or cell membrane prepara- 
tions, as above. Proteins were separated on 7% SDS-poiyacrylamide gel 
electrophoresis gels and then electroblotted to Immobilon-P membranes 
(Millipore) in a Trans-Blot cell (Bio-Rad), Membranes were stained with 
0,25% Coomasaie Blue R-250 in 50% methanol and 10% acetic arid. 
Blots were destained in 60% methanol. 10% acetic acid, rinsed in dis- 
tilled water, air-dried overnight, and stored at -20 *C. NHj-Urxninal 
amino arid sequences of the 37-KDa peptides of PEA were determined 
by automatic Edman degradation on an Applied Biosystems 475A 
protein sequencing apparatus in the laboratory of Dr. Alex Kurosky 
(University of Texas, Medical Branch at Galveston). 

RESULTS 

Verification Thai the Mutation in RPE.40 cells h in the fur 
Gene— We had previously shown that transfection of RPE.40 
cells with cDNA for mouse furin caused them to lose ail resist- 
ance to PEA. Since publication of this work, a naturally-occur- 
ring deletion mutation in fur was described in the human colon 
carcinoma cell line LoVo (18) that caused these cells to be un- 
able to process precursor proteins at -RX(K/R)R- sites. We ob- 
tained LoVo cells and ascertained that they were resistant to 
PEA. We then produced somatic cell hybrids between LoVo 
cells, CHO cells wild type for PEA sensitivity, and RPE.40 cells. 
Assays for response to PEA showed that the mutation in LoVo 
was recessive since hybrids between LoVo and wild type CHO 
cells {strain P1R2) were sensitive to PEA. We had previously 
reported that the mutation in RPE.40 was recessive (1). Hy- 
brids between LoVo and RPE.40 cells (strain 40.P3R1) were 
resistant (see Fig. 1). We, therefore, verified that the mutation 
that causes PEA resistance in RPE.40 is indeed in fur. 

RPE.40 CytosoJ Does Not Contain the Active Fragment of 
PEA— RPE.40 cells can survive exposure to a concentration of 
PEA more than 1000 times higher than that which will kill 
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Fio. 2. Specific cleavage of PEA in vitro by cell membrane frac- 
tions. Bach reaction mixture contained 15,000 epra (2 ng) of l2S l-P£A 
and 1.0 mg of varioua cell membrane preparations in 100 ul of buffer at 
pH 7.3 or 5.4 (see "experimental Procedures"). Lanes 1 and 5, PEA, no 
membranes; lanes 2 and 7, PEA ♦ CHO-K1 membranes; fanes 3 and 8, 
PEA + 40Jcexl2 membrane*; lanes 4 and 9, PEA ♦ 40. fur 13d mem- 
branes; lanes 5 and 20, PEA + RPE.40 membranes. 

CHO-K1 cells by completely inhibiting their protein synthesis 
(1). When these strains were exposed to a saturating concen- 
tration of PEA under normal growth conditions and non-ADP- 
ribosylated (i.e. active) EF-2 was measured over time, CHO-K1 
cells had less than 10% of their active EF-2 remaining after 2 h, 
whereas RPE.40 cells retained close to 100% active EF-2. When 
cells similarly exposed to PEA were lysed and separated into 
membrane and cytosolic fractions, and PEA- related proteins 
were detected by Western blotting using specific anti-PEA anti- 
serum, unprocessed PEA (66 kDa) was present to an appar- 
ently equal extent in both strains. The active fragment of PEA 
(37 kDa) could be detected in both membrane and cytosolic 
fractions of CHO-K1, but little or no active fragment was de- 
tectable in RPE.40 cell fractions (data not shown). 

Cell Membrane Fractions and Purified Human Furin Process 
PEA in Vitro — Membrane fractions were prepared from 
CHO-K1 and RPE.40 cells, and from representatives of these 
strains that stably expressed mouse furin (40.furl3d) or Kex2 
protease (40.kexl2) (7). Aliquots of these membranes were in- 
cubated with J2S I-PEA at pH 7.3 and 5.4 (see Fig. 2). Mem- 
branes from RPE.40 cells were not able to cleave 3 7 -kDa frag- 
ment from native PEA at either pH. However, at pH 5.4, 
membranes from CHO-K1 and from the strains expressing 
mouse furin cleaved PEA to 37- and 28-kDa fragments. The 
strain expressing Kex2 showed a low activity at pH 5.4, and 
little or no specific cleavage was accomplished by any mem- 
brane fraction at pH 7.3. Purified human furin gave the same 
results, Le. specific cleavage of PEA at pH 6.4 and not at pH 7.3. 
In Fig. 3 the activity of human furin is compared with func- 
tionally equivalent concentrations of CHO-K1, RPE.40, and 
40 Jurl3d membrane fractions on a 1-ug sample of PEA. 

Quantitation of Furin Activity in Membrane Fractions Using 
Anthrax PA at pH 7.3 — We initially quantitated the furin ac- 
tivity in membrane fractions using a known substrate for furin 
and pH 7.3. Molioy et al. (19) demonstrated that purified furin 
processes the PA in vitro, generating fragments of 63- and 
20- kDa from the inactive toxin precursor. The optimum pH for 
this reaction was 7.0-8.0. We incubated m I-PA with membrane 
fractions from CHO-K1, RPE.40, and 40.furl3d cells at pH 7.3 
and found that CHO-K1 and 40.furl3d membranes cleaved PA 
but RPE.40 membranes did not (see Fig. 4). By incubating 
^I-PA with various concentrations of solubiltzed membranes 
or purified furin and analyzing the generation of cleavage prod- 
ucts by molecular imaging or by counting of excised SDS-poly- 
acryiamide gel electrophoresis bands on a 7 spectrometer, we 
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Fig. 3. Specific cleavage of PEA in vitro by purified recombi- 
nant human furin and cell membrane fractions. Reaction mix- 
ture* contained 1 ug of PEA and L3 x 10* cpm of m I-PEA in 100 ul of 
indicated buffer (see "Experimental Procedures"). Lanes 1 and 6, PEA 
alone; lane 2, PEA + CHO-K1 membranes (750 ug); lane 3, PEA + 
RPE.40 membranes ( 1 mg); lane 4, PEA + 40. fur 13d membranes (10 ug); 
lanes 5 and 7, PEA + form (0.05 ng). 




Fio. 4. Cleavage of anthrax PA in vitro by cell membrane frac- 
tions and purified recombinant human furin. Reaction mixtures 
contained 1 ug of PA and 1.5 x 10* cpm of 1M I-PA in 100 ul of 10 ma 
HEPES buffer with 3 mil CaCt, and 0.1% Triton X-100. They were 
incubated for 30 min at room temperature. Lane i, PA alone; lane 2, 
PA ♦ CHO-K1 membranes (750 ug); lane 3, PA + RPE.40 membranes 
(1 mg); lane 4, PA + 40. fur 13d membranes (10 ug); lane 5, PA + furin 
(0.05 ng). 

were able to quantitate the furin activity in the various mem- 
brane fractions, lb insure an excess of substrate, unlabeled PA 
was added to give a total of I pg of substrate/reaction mixture. 
Averaged results of four experiments indicated that 0.02 ng of 
purified furin, 4 ug of 40 JurlSd membranes, or 300 ug of 
CHO-K1 membranes were required to cleave 0.5 ug of PA in a 
4-hour incubation at room temperature. These relationships 
also held true for cleavage of PEA at pH 5.4, with minor varia- 
tions for different individual membrane preparations. 

pH Optima and Inhibitor Profiles Verify That Furin Is the 
PEA'processing Enzyme in Cell Membranes — We characterized 
the protease activity in CHO-K1 membranes further by com- 
paring this activity with that of purified furin and determining 
the optimum pH for the cleavage of PEA in vitro by both. 
Reaction mixtures of pH 5.0-8.0 were prepared, and 1 ug of 
native PEA (supplemented with m I-PEA) and functionally 
equivalent amounts of purified furin and cell membrane frac- 
tions were incubated with the toxin. Generation of cleavage 
products was analyzed by molecular imaging. Processing of 
PEA was detected from pH 5.0 to 6.5, with an optimum of 
5,0-5.4 and little activity above neutrality for both purified 
furin and the membrane protease (data not shown). RPE.40 
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membranes had no cleavage activity on PEA at any pH. When 
1-mg amounts of RPE.40 membranes were included in reaction 
mixtures containing purified furin or CHO-K1 membranes, no 
inhibition of PEA cleavage was observed, confirming that 
RPE.40 membranes did not contain furin 'inhibitory agents. 

The effects of various divalent cations and protease inhibi- 
tors on in vitro cleavage of PEA by purified furin and CHO-Kl 
cell membranes were determined. Inhibition of both the puri- 
fied and the membrane-associated enzyme was found to be 
similar (data not shown). Our results were , in keeping with 
those previously reported for furin (19). The membrane-associ- 
ated protease activity, like purified furin, was calcium-depend- 
ent HgCla and ZnCl, were inhibitory, but other common inhibi- 
tors (e.g. soybean trypsin inhibitor, leupeptin, aprotinin, 
phenylmethylsulfonyl fluoride, (25,35 Hrons-epoxysuccinyl- 
L-leucylamido-3-methylbutane ethyl ester, dithiothxeitol, and 
iodoacetamide) were not, except in high concentrations. 

In Vitro Cleavage of PEA Takes Place at the Authentic Acti- 
vation Sire-Ogata et al (8) have established that the authen- 
tic cleavage site for generation of the active fragment of PEA is 
between amino acid residues 279 and 280. NH^terminal se- 
quencing was carried out on 37-kDa cleavage fragments that 
we produced in vitro by incubation of PEA with either purified 
furin, 40.fur, 13d, or CHO-K1 cell membrane fractions. In each 
case, the NH 2 -terminus of the 37-kDa fragment began with the 
amino acids GWEQLEQXGYPEQ, etc. The 8th residue was not 
resolved, which is consistent with it being cysteine, as this 
residue is not detectable in samples that are not reduced and 
alkylated. These determinations verified that in vitro cleavage 
occurred on the CCKDH- terminal side of the consensus se- 
quence, between amino acid residues 279 and 280. 

Functional Assays of PEA Processed in Vitro— We attempted 
to demonstrate the activation of PEA processed by purified 
furin and furin-containing cell membrane fractions in an in 
vitro ADP-ribosylation assay, in which the toxin catalyzes the 
transfer of radioactively-labeled ADP-ribose from NAD* to 
EF-2 isolated from CHO-Kl cells. Native PEA is of negligible 
activity in such an assay (20). Fragment A of diphtheria toxin 
was used to ADP-ribosyiate 100% of the EF-2 (8-12 pmol/ 
mixture) in a 15-min incubation, and an equal or greater con- 
centration of our PEAADP-ribosylated only 6% of the EF-2 in 
equal incubations. Longer incubations, up to 2 h f did not in- 
crease the activity of PEA. Next, PEA was exposed to solubi- 
lized membrane fractions from cells expressing mouse furin 
(40.furl3d) at pH 7.3 and 5.4, in the presence of 1 um NAD* (20) 
for 17 h. No activation of PEA was noted in samples incubated 
at pH 7.3, whereas PEA exposed to 40.furl3d membranes at pH 
5.4 and subsequently tested in the ADP-ribosylation reaction at 
pH 7.6 now ADP-ribosylated 99% of the EF-2. However, it was 
subsequently determined that merely incubating PEA at this 
pH without added furin was sufficient to render it active in 
vitro (92% of EF-2 was ADP-ribosylated by PEA so treated), 
although no evidence of cleavage or breakdown of the protein 
could be discerned when it was run on SDS reducing gels (see 
Figs. 2 and 3). 

We then tested activated PEA on intact cells. PEA was ex- 
posed to purified furin or to membrane fractions from RPE.40 
or 40.furl3d cells at pH 5.4 in the presence of 1 um NAD*. 
Samples were subsequently diluted in growth medium and 
tested on CHO-K1 and RPE.40 cells (see Fig. 5). The effect of 
exposure of PEA to buffer alone was also evaluated. The treat- 
ments did not significantly alter toxin activity on wild type 
cells. Exposure to membrane fractions from RPE.40, or expo- 
sure to pH 5.4 buffer, did not increase activity of PEA against 
RPE.40 cells. However, exposure of PEA to purified furin or to 
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Fig. 5. PEA exposed to various treatment* and tested undsr 
the described assay conditions on CHO-Kl or RPE.40 cells. Re- 
action mixtures contained 1 ug of PEA in 50 mu acetate buffer, pH 6.4 
or 10 mu HEPES buffer, pH 7.3, each with 3 mu CaCL, 1 uk NAD. end 
0.05% Triton X-100. 2 mg of cell membranes or 80- furin were added 
where indicated, and all were incubated for 16 h at room temperature 
Tested on CHO-Kl cells: O, PEA alone, pH 7.3; PEA alone, pH 5.4; ■, 
PEA + 40.fur 13d membranes, pH 5.4. lasted on RPE.40 cells: A, PEA 
alone, pH 7.3; PEA alone, pH 5.4; □, PEA + 40.furl3d membranes 
pH 5.4; (x) PEA + purified furin, pH 5.4. 

membrane fractions from cells expressing mouse furin signifi- 
cantly increased its activity against RPE.40 cells. 

DISCUSSION 

We conducted a series of experiments designed to demon- 
strate that the cellular protease furin is responsible for activa- 
tion of PEA in CHO-Kl cells and to verify that RPE.40 mutant 
cells are highly resistant to PEA because of a lack of functional 
furin. RPE.40 cells exposed to PEA retained 100% of their EF-2 
in a normal active state over a time period where the EF-2 of 
parental cells similarly exposed was almost 100% ADP-ribosy- 
lated and so inactivated. We ascertained that RPE.40 cells bind 
and internalize as much native PEA as do wild type CHO-Kl 
cells, but the active 37-kDa fragment of PEA could not be de- 
tected in the cytosol of RPE.40 cells under conditions where it 
is apparent in the cytosol of CHO-Kl cells. We had previously 
found that expression of recombinant mouse furin in RPE.40 
cells abolished their resistance to PEA and to certain viruses 
(7). Thus, we had good evidence that the mutation causing this 
resistance in RPE.40 cells affected the production of an active 
furin enzyme, most likely via a mutation in the fur gene. 

It was recently reported that LoVo human colon carcinoma 
cells have a one-base deletion in their fur gene that causes 
aberrant termination of the furin polypeptide in the homo B 
domain and negates their furin activity (18). We demonstrated 
that LoVo cells are also highly resistant to PEA. Somatic cell 
hybrids produced between LoVo and CHO-Kl cells verified that 
the mutation in LoVo was recessive. Hybrids between LoVo and 
RPJS.40 cells retained the resistant phenotype of both, indicat- 
ing that the critical mutation in RPE.40 is also in the fur 
gene. We are currently cloning and analyzing furin cDNA from 
wild type CHO-Kl and mutant RPE.40 cells to identify this 
mutation. 

We designed a sensitive assay to demonstrate the processing 
of PEA by cell membrane fractions in vitro. Although others 
have demonstrated the activity of overexpressed transfectant 
furin in vitro in isolated membrane fractions (12, 22, 27, 28), no 
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other investigators have demonstrated the activity of endoge- 
nous furin from cultured cells in this way. This is largely be- 
cause cells contain many proteolytic enzymes, and a known 
nirin-negative cell was needed to serve as an authentic back- 
ground control. RPE.40 provides such a control for the widely- 
used Chinese hamster ovary cell system, and Lovo may provide 
an adequate control for some human cell systems. We quanti- 
tated the amount of furin activity in various cell membrane 
fractions by comparing their specific processing activity to that 
of purified human furin, using a substrate known to be cleaved 
by furin; Le. anthrax toxin PA (24, 27). 

PEA was incubated with solubilized membrane fractions iso- 
lated from CHO-K1 and RPE.40 cells at pH values ranging 
from 5.0 to 8.0. Cleavage of the toxin into 37- and 28-kDa 
fragments was observed using CHO-Kl membranes, with a pH 
optimum of 5.0-5.4 and little or no activity above pH 7. No 
cleavage was observed using RPE.40 membranes at any pH. 
Purified human furin and membranes isolated from RPE.40 
cells expressing recombinant mouse furin (40.furl3d) had sim- 
ilar activity. Fryhng et at. (9) had reported previously that the 
unidentified cellular protease that cleaves PEA, in membrane 
fractions from mouse L929 cells, had a pH optimum of 5.5, with 
no cleavage activity at neutral pH or above. This laboratory has 
now shown that an enzyme with all of the characteristics of 
furin, isolated from beef liver, can carry out this specific cleav- 
age at this same optimum pH (31). 

Treatment of RPE.40 membrane fractions with either puri- 
fied furin or membranes from 40.furl3d did not increase their 
cleavage activity. Thus, we were assured that RPE.40 does not 
contain another processing enzyme that requires furin in order 
to be activated. Other in vitro testa convincingly showed that 
furin is by far the primary, if not the only, enzyme required for 
activation of PEA in CHO cells. 

The PEA cleavage site is not of the type typically recognized 
by furin (-Arg-*-{Lys/Arg)-Arg-) (5, 6), but is -Arg-Gin-Pro- 
Arg-. However, it has been shown that furin can cleave at 
-Arg-X-XArg- sequences in certain cases (19, 25). The low pH 
optimum for cleavage of PEA most likely indicates that an 
acid-induced change in conformation is required to expose the 
cleavage site in PEA. It has been shown that PEA undergoes a 
structural change in conformation when the pH is lowered from 
7.0 to 5.0 in which hydrophobic residues are exposed (21). This 
structural change is required for efficient binding and insertion 
of PEA into model membranes (21) and may also be required for 
translocation of activated PEA into the cytosol of intact cells 
(30). Two other studies have also found the optimum pH for 
cleavage of a precursor protein by furin to be 5.5-6.0. In one 
case, the substrate was a mutant prorenin (23), and in the 
other it was prealbumin (29). The low pH optima for furin 
activity on these substrates may also reflect the need for a 
structural change to expose cleavage sites on these proproteins 
rather than the optimum pH for activity of the enzyme. 

We confirmed, by NH^terminal amino acid sequencing, that 
cleavage of furin-treated PEA occurred between Arg* 19 and 
Gly 386 , yielding the 37-kDa active fragment described by 
FitzGerald and co-workers (8-10). We attempted to demon- 
strate that this cleavage product was active in ADP-ribosyla- 
tion of EF-2 in vitro, as the native unprocessed PEA has little 



or no such activity. However, we found that exposure of PEA to 
pH 5.4 alone (without furin) caused the toxin to be active in 
vitro, even when the pH of the toxin solution was raised above 
7 before testing; this is apparently another case where dena- 
turation of PEA irreversibly exposes the catalytic site (20. 26). 
More significantly, when we exposed RPE.40 cells to PEA that 
had been cleaved either by purified furin or the membrane 
fractions from furin-expressing cells, most of their resistance 
was overcome (reduced from resistance to a concentration of 
PEA more than 1000 times greater than wild type cells, to 
barely 10 times greater). It is evident that lack of cleavage of 
PEA ia the most important factor in the resistance of RPE.40 to 
this toxin. 
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